ABSTRACT The levels of resistance to two organophosphate acaricides, coumaphos and diazinon, in several Mexican strains of Boophilus microplus (Canestrini) were evaluated using the FAO larval packet test. Regression analysis of LC 50 data revealed a signiÞcant cross-resistance pattern between those two acaricides. Metabolic mechanisms of resistance were investigated with synergist bioassays. Piperonyl butoxide (PBO) reduced coumaphos toxicity in susceptible strains, but synergized coumaphos toxicity in resistant strains. There was a signiÞcant correlation between PBO synergism ratios and the coumaphos resistance ratios. The results suggest that an enhanced cytochrome P450 monooxygenase (cytP450)-mediated detoxiÞcation mechanism may exist in the resistant strains, in addition to the cytP450-mediated metabolic pathway that activates coumaphos. PBO failed to synergize diazinon toxicity in resistant strains, suggesting the cytP450 involved in detoxiÞcation were speciÞc. Triphenylphosphate (TPP) synergized toxicity of both acaricides in both susceptible and resistant strains, and there was no correlation between TPP synergism ratios and the LC 50 estimates for either acaricide. Esterases may not play a major role in resistance to coumaphos and diazinon in those strains. Bioassays with diethyl maleate (DEM) revealed a signiÞcant correlation between DEM synergism ratios and LC 50 estimates for diazinon, suggesting a possible role for glutathione S-transferases in diazinon detoxiÞcation. Resistance to coumaphos in the Mexican strains of B. microplus was likely to be conferred by both a cytP450-mediated detoxiÞcation mechanism described here and the mechanism of insensitive acetylcholinesterases reported elsewhere. The results of this study also underscore the potential risk of coumaphos resistance in B. microplus from Mexico to the U.S. cattle fever tick eradication program.
THE SOUTHERN CATTLE TICK Boophilus microplus
, is a damaging ectoparasite of cattle in many tropical and subtropical regions of the world, and is a vector of the agents that cause bovine babesiosis, a disease which devastated the U.S. cattle industry in the south at the beginning of the 20th century. This species, along with Boophilus annulatus (Say), was successfully eradicated from the United States after an intense eradication program that lasted from 1907 to 1960 (Graham and Hourrigan 1977) . However, cattle in neighboring Mexico continue to be plagued by infestations of Boophilus ticks that harbor Babesia sp. Reintroduction of B. microplus and B. annulatus from Mexico into the United States remains a constant threat because more than a million head of cattle are imported each year and outbreaks of Boophilus ticks in south Texas as a result of tick-infested cattle, horses, and white-tailed deer crossing the Rio Grande river (George 1990) . To prevent this extremely important parasite and disease vector from returning to the United States, a strict cattle fever tick eradication program is enforced by the Veterinary Service (VS) of USDAÐAPHIS. All cattle presented at the ports of entry along the U.S. -Mexico border for export are inspected by VS inspectors and are dipped in 0.3% coumaphos to kill ticks that may have escaped detection during inspection. A quarantine zone along the U.S. -Mexico border is in place to eliminate the chance of spreading Boophilus ticks by exterminating any outbreak of ticks and regulating cattle movement from the quarantine zone. However, the success of this program has been challenged in recent years by the development of resistance to major classes of acaricides in B. microplus in Mexico (Santamarṍa et al. 1999) .
Boophilus microplus is a one-host tick known to develop resistance to major classes of acaricides, including organophosphates (OPs) , that have been used in Australia, Africa, and South America (Wharton and Roulston 1977 , Kagaruki 1991 , Furlong 1999 . In Mexico, OPs were used heavily in a national tick eradication program that lasted from 1975 to 1985 (Trapapa 1989) . The Þrst case of OP resistance of B. microplus in Mexico was detected in 1982, and resistance soon became widespread (Aguirre and Santamarṍa 1986) . Pyrethroid acaricides were then introduced to alleviate the situation of OP resistance (Ortiz et al. 1994 ). Resistance to pyrethroid acaricides was subsequently detected in 1993 and became widespread by 1995. Problems related to resistance to OP acaricides, however, did not improve after the introduction of pyrethroid acaricides. Resistance to both classes of acaricides has developed in ticks as they were repeatedly exposed to acaricides with different modes of action. A survey of resistance in 1998 revealed 261 cases of B. microplus resistance to both OP and pyrethroid acaricides in 15 states of Mexico (Santamarṍa et al. 1999) .
The characteristics of coumaphos including very low toxicity to cattle, high degree of toxicity to ticks, and the rapid kill of ticks on treated animals, and its relatively low cost make it an excellent choice for use in the dipping vats at USDAÐARSÐVSÕs import facility. Resistance to this compound in Mexican populations of B. microplus is threatening the continued success of the tick eradication program. There is an urgent need to closely monitor acaricide resistance problems in Mexico and to elucidate the mechanisms that confer resistance to OP acaricides, particularly to coumaphos. Knowledge of mechanisms of resistance facilitates the creation of improved resistance diagnostic methods. To study acaricide resistance in B. microplus, engorged females were collected from various locations in Mexico at which failures of control with acaricides had been reported, from outbreaks of B. microplus in the quarantine zone in Texas, and from animals presented at the ports of entry. This paper reports the bioassay results that included bioassays with synergists to measure levels of resistance to coumaphos and diazinon, and to characterize the metabolic mechanisms that may have contributed to the observed resistance to OP acaricides in B. microplus in Mexico.
Materials and Methods
Tick Strains. Eight strains of B. microplus originating from various locations in Mexico and two outbreak strains of ticks within the cattle fever tick quarantine zone along the U.S.-Mexico border in Texas were included in this study. The sites of collection or the origin of the cattle from which ticks were collected at the port of entry in Reynosa, Tamaulipas, Mexico, are shown in Fig. 1 . The Coatzacoalcos strain was collected from Veracruz in southeastern Mexico and was established at the Cattle Fever Tick Research Laboratory (CFTRL) in Mission, TX, in 1994. The Corrales strain was collected in 1995 from a ranch in the state of Colima, Mexico, and was established at the CFTRL in 1996. The San Felipe strain was collected from a ranch in the state of Tamaulipas, Mexico, and was established at the CFTRL in 1996. These three strains were resistant to pyrethroid acaricides and have been challenged with permethrin since their establishment at CFTRL. The selection processes resulted in high levels of resistance to pyrethroid acaricides. The mechanisms of resistance to pyrethroids in those strains have been characterized (Miller et al. 1999 , Jamroz et al. 2000 . The Tuxpan strain was collected from cattle near Tuxpan in the state of Veracruz, Mexico, and was maintained at the National Parasitology Laboratory in Jiutepec, Morelos, Mexico, before its establishment at the CFTRL in 1994. This strain had low level resistance to coumaphos when it was Þrst established at the CFTRL. Resistance was further increased in following generations by challenging the larvae with coumaphos using concentrations equivalent to coumaphos LC 50 at each generation. The San Roman strain was collected from a ranch in Champoton, Campeche, Mexico, and was established at the CFTRL in 1998. Larvae of the Þrst generation demonstrated an eightfold resistance to coumaphos. Larvae of following generations had been challenged with 0.2% to 0.4% active ingredient (a.i.) coumaphos to maintain resistance.
The Caporal strain was developed from 24 engorged females collected from a ranch located 15 miles from Champoton, Campeche, Mexico, and was established at the CFTRL at the same time as the San Roman strain. Fourteen days after the larvae of the new generation hatched, bioassays with a discriminating concentration (0.2% a.i.) of coumaphos, which was two times the LC 99 of the susceptible Gonzalez strain, were conduced with a sample of larvae from each individually kept female. The remaining larvae from each female were put into one of two separate strains: Caporal-susceptible (S) and Caporal-resistant (R), based on the sample response. The larvae from the females that had higher than 90% mortality in their larval samples were pooled to start the susceptible strain, which was reared without acaricide exposure for the following generations. The larvae of the females that had Ͻ90% mortality in their larval samples were pooled to start the resistant strain, which was challenged with a coumaphos concentration equivalent to the LC 50 at each generation to increase the proportion of resistance genes in the population.
The Pesqueria strain was collected in 2000 at the United States port of entry in Reynosa, Tamaulipas, Mexico, by the USDA Veterinary Service inspectors from cattle originated from Pesqueria, Nuevo Leon, Mexico. The ticks were brought to the CFTRL and reared on cattle for two generations without exposure to acaricides before bioassays were conducted. The Gonzalez and Munoz strains were susceptible strains that were established at the CFTRL in 1994 and 1999, respectively, from outbreaks of ticks in Zapata County, TX. Both strains were susceptible to all major classes of acaricides. The Gonzalez strain has been used here as a reference strain to determine the level of resistance in other strains. The procedures for rearing ticks on cattle, maintaining the nonparasitic stages in the laboratory, and challenging larvae with coumaphos were the same as described by Davey and George (1999) .
Chemicals. Two organophosphate acaricides, coumaphos and diazinon, were used in this study. The technical grade coumaphos (97.4% a.i.) was obtained from BayVet (Shawnee, KS). The technical grade diazinon (87.6% a.i.) was obtained from ECTO Development Corporation (Excelsior Springs, MO). Three synergists used in this study include triphenylphosphate (TPP), an inhibitor of esterases (Aldrich, Milwaukee, WI); piperonyl butoxide (PBO), an inhibitor of oxidases (Aldrich); and diethyl maleate (DEM), an inhibitor of glutathione S-transferases (Aldrich).
Bioassay. A slightly modiÞed version of the larval packet test (LPT) recommended by FAO (1971) was used to determine the levels of resistance to coumaphos and diazinon, and to determine the effect of synergists on toxicity of those two acaricides in all tick strains. Larvae that were between 12 and 16 d old were used for all bioassays. Stock solutions of acaricides were made by dissolving technical grade acaricide in trichloroethylene (Sigma, St. Louis, MO). Three sets of the top dose were prepared by adding a volume of the stock solution to a mixture of trichloroethylene and olive oil (Sigma) with a Þnal 2:1 ratio. Serial dilutions from the top dose were made using a diluent of two parts of trichloroethylene and one part of oil. Therefore, each dilution was evaluated in triplicate. When the effect of a synergist on acaricide toxicity was evaluated the synergist was added into the diluent at a constant rate of 1%, the highest rate at which no larval mortality in B. microplus was observed when applied alone (R.J.M., unpublished data). A volume of 0.7 ml of each dilution was applied to Whatman No. 1 Þlter papers (7.6 ϫ 8.9 cm, Whatman, Maidstone, Kent, UK). The treated Þlter papers were placed in a fume hood for 2 h to allow trichloroethylene to evaporate before being folded in half and sealed with bulldog clips on both sides. Approximately 100 larvae were placed into each packet, and the top was sealed immediately with another bulldog clip. The packets were then held in an environmental chamber at 27 Ϯ 2ЊC, 90% RH for 24 h. The packets were removed from the environmental chamber, and the mortality was determined by counting live and dead larvae.
Data Analysis. Probit analysis of dose-mortality response of all bioassays was done using POLO-PC (LeOra Software 1987) . Resistance ratios were calculated by dividing the LC 50 of a particular tick strain with the LC 50 of the reference Gonzales strain. The ratio of synergism caused by a synergist was calculated by dividing the LC 50 of the bioassay using the acaricide alone with the LC 50 using both the acaricide and synergist. The difference between LC 50 estimates was designated as signiÞcant (P Ͻ 0.05) if their 95% conÞdence interval (CI) did not overlap (Robertson and Preisler 1992) . Correlation data were analyzed with the JMP software (SAS Institute 2000).
Results
Resistance to Coumaphos. Toxicity data for coumaphos with and without synergists, and the levels of resistance and synergism in various B. microplus strains are summarized in Table 1 . The Munoz strain was as susceptible to coumaphos as the Gonzales strain. The Corrales, San Felipe, and Caporal-S strains were slightly less susceptible to coumaphos than the Gonzalez strain because the conÞdential intervals of their LC 50 did not overlap with that of the Gonzalez strain. The Coatzacoalcos strain demonstrated a 2.83-fold resistance to coumaphos. The resistance ratio in the Pesqueria, Tuxpan, and Caporal-R strains was 3.57, 5.86, and 9.48, respectively. The San Roman strain had a 10.09-fold resistance to coumaphos and was the most resistant strain.
Synergism of Coumaphos Toxicity. Triphenylphosphate signiÞcantly (P Ͻ 0.05) synergized coumaphos toxicity in all B. microplus strains tested, as determined by signiÞcant difference between the LC 50 s of coumaphos bioassays with and without TPP (Table 1) . However, there was no correlation between TPP synergism ratios and the coumaphos LC 50 estimates in B. microplus strains studied (F ϭ 0.1435, df ϭ 9, P ϭ 0.7147). The synergistic effect of DEM on coumaphos toxicity was either insigniÞcant or weak, and there was no correlation between DEM synergism ratios and the LC 50 estimates to coumaphos (F ϭ 2.9291, df ϭ 5, P ϭ 0.1622). Piperonyl butoxide signiÞcantly (P Ͻ 0.05) inhibited coumaphos toxicity in the susceptible Gonzales and Munoz strains, as indicated by signiÞ-cant difference between LC 50 s generated from bioassays of coumaphos alone and coumaphos with PBO in those two strains. The same phenomenon of inhibition by PBO was also observed in the Corrales, San Felipe, Caporal-S, and Coatzacoalcos strains. These strains had relatively low levels of resistance to coumaphos. In contrast, PBO signiÞcantly (P Ͻ 0.05) synergized coumaphos toxicity in all resistant strains that had a resistance ratio of 3.57 or higher, as indicated signiÞcantly lower LC 50 estimates of coumaphos and PBO bioassays in comparison to coumaphos alone in those strains (Table 1) . Regression analysis revealed a signiÞcant correlation between PBO synergism ratios and coumaphos LC 50 estimates (F ϭ 18.725, df ϭ 9, P ϭ 0.0025; Fig. 3A ).
Resistance to Diazinon. Bioassay data for diazinon with and without synergists, and the levels of resistance and synergism in various B. microplus strains are presented in Table 2 . Although the Munoz strain was signiÞcantly (P Ͻ 0.05) more susceptible to diazinon than the reference Gonzales strain, all other strains were resistant to diazinon with resistance ratios ranging from 6.3 to 34.4. Diazinon was generally more toxic to B. microplus larvae than coumaphos, as indicated by lower diazinon LC 50 estimates, in all strains with the exception of the San Felipe strain. The diazinon LC 50 estimate was higher than the one for coumaphos in the San Felipe strain. When the LC 50 data of the San Felipe strain were excluded, a signiÞcant correlation was obtained between the log transformations of coumaphos LC 50 estimates and those of diazinon (F ϭ 14.296, df ϭ 9, P ϭ 0.0092; Fig. 2) .
Synergism of Diazinon Toxicity. Triphenylphosphate signiÞcantly (P Ͻ 0.05) synergized diazinon toxicity in the Gonzales, Munoz, Coatzacoalcos, and Tuxpan strains of B. microplus, but not in the Caporal-S, Corrales, Caporal-R, or San Roman strains (Table 2). Just like those for coumaphos, there was no correlation between TPP synergism ratios and diazinon LC 50 estimates in B. microplus strains studied (F ϭ 1.5660, df ϭ 7, P ϭ 0.2574). Piperonyl butoxide signiÞcantly (P Ͻ 0.05) inhibited diazinon toxicity in all strains with the exception of the San Roman strain, in which PBO had no effect on diazinon toxicity (Table  2 ). There was no correlation between PBO synergism ratios and diazinon LC 50 estimates (F ϭ 0.2304, df ϭ 7, P ϭ 0.6482). The effect of DEM on diazinon toxicity varied from inhibition to synergism in different strains (Table 2) . However, regression analysis revealed a signiÞcant correlation between DEM synergism ratios and diazinon LC 50 estimates of (F ϭ 9.8887, df ϭ 5, P ϭ 0.0347; Fig. 3B ).
Discussion
Significance of Coumaphos Resistance for the Tick Eradication Program. Boophilus microplus strains from various regions in Mexico demonstrated different levels of resistance to coumaphos. The pyrethroid resistant strains of Corrales, San Felipe, and Coatzacoalcos (Miller et al. 1999 ) demonstrated some loworder resistance to coumaphos, with the Coatzacoalcos strain being the most resistant, although it has not been exposed to coumaphos since colonization at the CFTRL in 1998. The Pesqueria strain was reared on cattle for two generations to increase numbers of ticks in the colony before the coumaphos resistance level was determined with dose-mortality assays. Resistance to coumaphos in the Pesqueria strain was further conÞrmed with discriminating dose bioassays that used two doses, the LC 99 (0.125% a.i.) and 2x-LC 99 (0.25% a.i.) based on analysis of the susceptible Gonzalez strain (R.B.D., unpublished data). The Mexican rancher at the ranch where the San Roman strain was collected reported control problems with OPs, and subsequent laboratory bioassay after its establishment at CFTRL revealed an eightfold resistance to coumaphos. Only a slight increase of resistance was achieved by challenging the larvae with coumaphos in each generation for 15 generations after its establishment at the CFTRL. The result may indicate that the Þeld population of this strain already had a high percentage of resistant individuals as a result of OP use at that ranch. In contrast, a similar level of resistance to coumaphos in the Caporal-R strain was achieved mainly through laboratory selection. EfÞcacy trials with the San Roman strain resulted in a 74.3% control with a coumaphos dose (0.3% a.i.) that is currently used in the dipping vats. Using a dose twice the standard (0.6% a.i.) also failed to achieve 100% control (R.B.D., unpublished data). An earlier study also demonstrated signiÞcantly reduced control efÞcacy when cattle infested with larvae of the Tuxpan strain were dipped in various concentrations of coumaphos ). Although we do not know the minimum level of resistance, as measured by LPT, that may lead to control failure at dipping vats, results of this study clearly demonstrated the serious consequence of OP resistance in Mexican strains of B. microplus to the U.S. fever tick eradication program.
Metabolic Resistance to Coumaphos. Coumaphos is a phosphorothioate organophosphate that requires cytochrome P450 monooxygenase (cytP450)-mediated oxidative bioactivation to become a potent inhibitor of acetylcholinesterase (Siegfried and Scharf 2001) . Piperonyl butoxide is an inhibitor of cytP450, thus inhibiting the bioactivation of coumaphos to the more toxic coroxon. Therefore, it was not surprising to observe that PBO reduced coumaphos toxicity in the susceptible strains. In contrast, in the four resistant strains with resistance ratio of 3.56 and higher, PBO signiÞ-cantly synergized coumaphos toxicity, with synergism ratios ranging from 2.60 to 3.78. These results strongly suggest the involvement of an oxidative detoxiÞcation mechanism in those resistant strains, possibly through cytP450-mediated detoxiÞcation of coroxon. Our bioassay results concur with previous Þndings on enhanced metabolism of coroxon in larvae of B. microplus resistant to coumaphos (Bull and Ahrens 1988) . Metabolic detoxiÞcation of coroxon was Þrst inferred as a mechanism of OP resistance by Roulston et al. (1969) in an Australian strain of B. microplus. However, PBO failed to synergize coumaphos toxicity in the resistant strain studied. Our results provide clear evidence supporting the existence of a cytP450-mediated detoxiÞcation mechanism in resistant strains of B. microplus from Mexico.
The role of cytP450-mediated detoxiÞcation mechanism in pyrethroid resistance has been demonstrated in many insects, such as the house ßy and mosquito (Liu and Scott 1998, Brogdon et al. 1997) . A study by Miller et al. (1999) also demonstrated the contribution of oxidative detoxiÞcation to pyrethroid resistance in B. microplus. Although the cytP450-mediated oxidative detoxiÞcation mechanism in OP resistance is not as well understood as pyrethroid resistance in insects (Siegfried and Scharf 2001) , signiÞcant progress has been made in this area in recent years. Elevated oxidase activity was found to be associated with resistance to diazinon in the Australian sheep blowßy (Kotze and Sales 1995) , and subsequent synergism bioassays with PBO provided further evidence that suggests the oxidative detoxiÞcation mechanism may play a role in diazinon resistance in this species (Wilson et al. 1999) . Enhanced oxidative detoxiÞcation was similarly found to be responsible for diazinon resistance in Drosophila (Pisani-Borg et al. 1996) . A study of diazinon resistance in the house ßy further demonstrated that overproduction of a speciÞc cytP450 was responsible for metabolizing diazinon in resistant ßies (Sabourault et al. 2001) .
Specificity of Oxidative Detoxification. Although we found a signiÞcant cross-resistance relationship between coumaphos and diazinon among all but one tick strain we studied, there was a signiÞcant difference in PBO synergism between coumaphos and diazinon. Although coumaphos was synergized by PBO in coumaphos-resistant strains, diazinon was inhibited by PBO in almost all strains tested. The San Roman strain was the only exception in which PBO had no effect on diazinon toxicity. These results suggest that the cytP450 involved in detoxifying coumaphos was speciÞc to its active metabolite coroxon. The same cytP450 may have failed to metabolize diazoxon, which is the active metabolite of diazinon. Certain cytP450 monooxygenases have high substrate speciÞcity, such as the house ßy cytochrome P450 CYP6A1 (Andersen et al. 1997) . The emergence of a speciÞc oxidative detoxiÞcation mechanism for coroxon in Mexican strains of B. microplus may be a direct result of coumaphos use in Mexico. Diazinon has not been widely used for tick control in Mexico (H. Fragoso, personal communication) . Coumaphos has been used extensively for tick control in Mexico since the mid1970s, and the most resistant colony strains have been further challenged at the CFTRL during laboratory colonization. We hypothesize that the selective pressure of coumaphos treatment may have selected for the production of a cytP450 that speciÞcally detoxiÞes coroxon. Or, the gene for this speciÞc cytP450 may have preexisted, possibly in low frequency, in susceptible ticks, and selection pressure may have led to the over-expression of this cytP450 gene in resistant strains.
Other resistant Mechanisms. Comparisons between LC 50 s of bioassays of coumaphos with PBO in all resistant strains and the LC 50 of coumaphos bioassay in the susceptible reference strain indicate that the cytP450-based resistance were only partially responsible for the observed resistance in those resistant strains. Insensitive acetylcholinesterase (AChE) was found to be responsible for OP resistance in many arthropod insect pests Mutero 1994, Siegfried and Scharf 2001) . Previous studies on B. microplus in Australia also demonstrated insensitive acetylcholinesterase as a major mechanism of resistance to OP acaricides , Wharton and Roulston 1977 . The same mechanism was also identiÞed as a major resistance mechanism to coumaphos in the Tuxpan strain of B. microplus from Mexico (Wright and Ahrens 1988) . Recent study on kinetics of AChE inhibition by Pruett (2002) has also identiÞed the insensitive AChE as a major mechanism of resistance to coumaphos in the San Roman and Caporal-resistant strains. Therefore, both insensitive AChE and oxidative detoxiÞcation mechanisms may have contributed to the observed resistance to coumaphos in those strains.
Enhanced esterase activity has been associated with OP resistance in many insect species. Increased esterase activity associated with OP resistance had been demonstrated in larvae and the integument of engorged females of some Mexican strains of B. microplus (Rosario-Cruz et al. 1997 , Villarino et al. 2001 ). An overproduced esterase which posses high permethrindegrading activity has been identiÞed in the Coatzacoalcos strain (Jamroz et al. 2000) . It is possible that the same esterase may also hydrolyze or sequester coumaphos, therefore, contributing to the low order coumaphos resistance observed in this strain. Our bioassay results shown that TPP synergized toxicity of coumaphos and diazinon in most of B. microplus strains studied, suggesting esterases play a signiÞcant role in OP metabolism. However, there was no signiÞcant correlation between TPP synergism ratio and LC 5o for either acaricide. Therefore, esterases may have played a relatively smaller role, if any, in resistance of B. microplus larvae to coumaphos and diazinon in most strains. Nevertheless, the Þnding that TPP synergized OP toxicity, particularly coumaphos, makes TPP a likely candidate to be used as a synergist of coumaphos in the control of resistant Boophilus ticks.
Glutathione S-transferases (GSTs) have been associated primarily with OP resistance in insects (Sun et al. 2001) , including diazinon resistance in house ßy (Wang et al. 1991 ) and the Australian sheep blowßy (Wilson and Clark 1996) . Although we observed a signiÞcant correlation between DEM synergism ratio and diazinon LC 50 estimate, the DEM synergism ratio was fairly low even in resistant strains. Therefore, the elevated glutathione S-transferases (GSTs) activity may have played only a minor role in resistance to diazinon in those tick strains. It is likely that insensitive acetylcholinesterase may be the major mechanism of resistance to diazinon in the Mexican strains of B. microplus.
